Abstract. The aim of the current study was to examine the expression of the angiotensin II type 1 receptor-associated protein (ATRAP) in the rat hepatic stellate cell line HSC-T6 and to determine its interactions with the local renin-angiotensin system (RAS). To achieve this goal, the effect of stimulating HSC-T6 cells with angiotensin II (AngII) and angiotensin-(1-7) [Ang-(1-7)], on the expression of ATRAP, the angiotensin II type I receptor (AT1R), the Mas receptor and the angiotensin converting enzyme 2 (ACE2) 2, 6, 12, 18, 24 and 36 h after stimulation was investigated. Changes in expression were quantified at the gene and protein level using RT-qPCR and western blotting, respectively.
Introduction
It is well established that the renin-angiotensin system (RAS) contributes to a number of fibrogenic processes in the kidney (1, 2) , heart (2,3) and liver (4, 5) . Angiotensin II (AngII) is formed from angiotensin I through the actions of the angiotensin converting enzyme (ACE); furthermore, AngII signaling through the angiotensin II type 1 receptor (AT1R) is an important mediator of the fibrogenic effects associated with the RAS. Accordingly, pharmacological blockers of AT1R or inhibitors of ACE are two ways to modulate this signaling pathway (5, 6) . Previous evidence has also indicated that the formation of angiotensin-(1-7) [Ang-(1-7)] by ACE2 from either angiotensin I or AngII, may oppose AngII-mediated vascular and proliferative effects through the Mas receptor (7, 8) . These pathways signify the existence of a regulatory balance in the RAS by two opposing arms: ACE-AngII-AT1R signaling and ACE2-Ang-(1-7)-Mas receptor signaling (9) . Indeed, this is in agreement with the concept that all the components of the RAS have a specific role in maintaining the regulatory balance of the system (9, 10) .
In addition to the components of the RAS mentioned, previous studies have focused attention on the AT1R-associated protein (ATRAP), a molecule that directly binds to the carboxyl-terminal domain of AT1R, however not with the AngII type 2 receptor (11) (12) (13) . For example, it was observed that ATRAP is involved in the control of AT1R internalization, desensitization and phosphorylation and has a counter-regulatory effect on AT1R-mediated signal transduction pathway leading to pathological proliferation and fibrosis (11) (12) (13) . The inhibitory function of AngII/AT1R signaling and its role in the tissue-specific regulatory balancing of the local RAS has been reported in studies of cardiovascular and renal cells, as well as for cardiac and vascular hypertrophy (14) (15) (16) . Despite these associations with kidney and heart disease, no evidence has thus far been reported to determine the expression of ATRAP in hepatic stellate cells (HSCs), not to mention the potential role of ATRAP in local RAS regulation, or its association with the ACE-AngII-AT1R and ACE2-Ang-(1-7)-Mas receptor signaling axes in the liver.
In the present study, the hypothesis that HSCs are a target for ATRAP actions in regulating the balance of the RAS and in modulating the development of hepatic fibrosis was assessed.
Angiotensin II type 1 receptor-associated protein plays a role in regulating the local renin-angiotensin system in HSC-T6 cells
It was determined whether ATRAP was endogenously expressed in the rat HSC cell line, HSC-T6 and the effect of AngII and Ang-(1-7) on ATRAP expression was investigated.
Materials and methods
Cell culture. HSC-T6 cells were purchased from Shanghai Bogu Biotech Corporation (Shanghai, China) and cultured at 37˚C in a 5% CO 2 atmosphere. The cells were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM; Gibco Life Technologies, Grand Island, NY, USA) containing 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 U/ml penicillin and 100 µg/ml streptomycin (Hyclone). All experiments were performed using cells seeded in six-well plates. When the cells became adherent, they were incubated with DMEM serum-free medium for 24 h and then treated with control medium (H 2 O), or medium containing 1 µmol/l AngII (Sigma-Aldrich, St. Louis, MO, USA) or 1 µmol/l Ang-(1-7) (Sigma-Aldrich) for 2, 6, 12, 18, 24 or 36 h.
Gene expression analysis of AT1R, ATRAP, the Mas receptor and ACE2.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was performed to detect the mRNA expression level of AT1R, ATRAP, the Mas receptor and ACE2 in HSC-T6 cells. Total RNA was extracted from the cells using TRIzol ® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions and the cDNA was synthesized using the SuperScript First-Strand System (Promega, Beijing, China). PCR amplification was performed with SYBR Green qPCR Super mix (Invitrogen Life Technologies), using an ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA). The following cycling conditions were used: Initial denaturation at 50˚C for 2 min, followed by 40 cycles of denaturation at 95˚C for 2 min, primer annealing at 95˚C for 15 sec and primer extension at 60˚C for 32 sec. The sequences of specific primer pairs are listed in Table I. A comparative Ct (ddCt) method was used to compare the relative levels of mRNA expression and expression data were normalized to the reference gene β-actin (Invitrogen Life Technologies). All experiments were performed in triplicate.
Protein expression analysis of AT1R, ATRAP, the Mas receptor and ACE2.
Western blotting was used to confirm the RT-qPCR results at the protein level. Briefly, cells were centrifuged at 179 x g for 10 min and washed twice with phosphate-buffered saline (Hyclone) and then lysed in protein extraction buffer (Cell Signaling Technology, Boston, MA, USA). The samples were then separated by SDS-PAGE and transferred to immobilon-P membranes (Millipore, Bedford, MA, USA). Following being blocked with 5% fat-free milk for 1 h at room temperature or overnight at 4˚C, the membranes were incubated with the following primary antibodies: Anti-rat AT1R (1:500; Abcam, Cambridge, MA, USA; cat. no. ab-124505), ATRAP (1:200; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; cat. no. sc-134652), Mas receptor (1:10,000; Abcam; cat. no. ab-156018) and ACE2 (1:1,000; Abcam; cat. no. ab-108252). All primary antibody incubations were performed for 2 h at 37.4˚C, followed by incubation with an appropriate secondary antibody. Finally, all the membranes were incubated with the Immobilon Western Chemiluminescent horseradish peroxidase Substrate (Millipore) and protein expression was analyzed quantitatively using the medical X-ray film XBT-1 (Kodak, Rochester, NY, USA). In all cases, the expression of glyceraldehyde-3-phosphate dehydrogenase (KangChen Bio-tech, Shanghai, China) was used as a reference protein.
Statistical analysis. SPSS 20.0 was used for statistical analyses (IBM, Armonk, NY, USA). All data are expressed as the mean ± standard error of the mean. A one-way analysis of variance was used to analyze the expression of detected genes with the same treatment at different time-points, and a Student's t-test was used to determine the difference in Table I . Primer sequences used for reverse transcription quantitative polymerase chain reaction. expression level at the same observation time-point between the control and treatment groups. P<0.05 was considered to indicate a statistically significant difference. 
Results

Baseline gene expression in HSC-
Altered gene expression in response to Ang-(1-7) stimulation.
Following treatment with Ang- (1-7) , the gene and protein expression level of AT1R, ATRAP, the Mas receptor and ACE2 was assessed (Figs. 3 and 4) . Similarly to AngII, Ang-(1-7) treatment had no effect on the expression level of AT1R or the Mas receptor. By contrast, ATRAP mRNA expression was significantly upregulated at the 6, 12, 18, 24 and 36 h time-points (all P<0.05), reaching a peak of induction 12 h after treatment (Fig. 3A) . A similar change in the protein expression level of ATRAP was also observed in response to Ang-(1-7) treatment (Fig. 4A) . By contrast, ACE2 mRNA expression was suppressed by Ang- (1-7) , reaching a significantly lower Representative western blot analysis data are shown for the expression levels of (A) ATRAP and (B) ACE2 in response to AngII stimulation (upper panels). The quantification of protein expression levels is also shown relative to the control group at 2 h (lower panels). From left to right, lanes 1-6 were samples from the treatment and control groups collected 2, 6, 12, 18, 24 and 36 h after treatment. ATRAP, angiotensin II type 1 receptor-associated protein; ACE2, angiotensin I-converting enzyme 2; AngII, angiotensin II.
A B level at the 6 h time-point (P<0.01) and continuing to decrease until reaching a nadir at 24 h (P<0.001; Fig. 3B ). As with the previous results, the changes in the mRNA expression level of ACE2 were confirmed at the protein level (Fig. 4B) .
Discussion
ATRAP is endogenously expressed in HSC-T6 cells. The HSC-T6 cell line is regarded as a reliable model for the study of liver fibrosis in vitro. It exhibits an activated phenotype reflected by a fibroblast-like shape and rapid proliferation (17) . It is known that quiescent HSCs barely express any components of the RAS, while activated HSCs highly express active renin and ACE and secrete AngII (18) . In the present study, it was reported that AT1R, ATRAP, the Mas receptor and ACE2 are expressed in HSC-T6 cells without stimulation by any angiotensin peptide and all these genes, with the exception of ACE2 are maintained at a constant level while being cultured in vitro. Treatment with AngII and Ang-(1-7) triggered responses in the HSC-T6 RAS, resulting in altered expression of ATRAP and ACE2. The present data suggests that although the HSC-T6 cell line was isolated from quiescent rat HSCs, it exhibits the characteristics of activated rat HSCs, expressing the components of the RAS and reacting to changes in this system.
It has previously been reported that ATRAP mRNA is abundant in the kidney, heart and testis, but is poorly expressed in the liver (19) . The expression of ATRAP in HSC-T6 cells has not been reported previously, thus to the best of our knowledge, the present study is the first to identify that ATRAP is endogenously expressed at the mRNA and protein levels in HSC-T6 cells and responds to stimulation by AngII and Ang- (1-7) .
Previous studies (14) (15) (16) (20) (21) (22) (23) have demonstrated that ATRAP is a novel molecule able to downregulate AT1R signaling to suppress AngII induced hypertrophic and proliferative responses in cardiovascular or renal tissue and cells and has a regulatory role in balancing the local RAS. The effect of AngII on ATRAP expression in HSCs has not previously been described; however, it is reported in the present study, for the first time to the best of our knowledge, that AngII stimulates the expression of ATRAP in HSC-T6 cells. Notable, Wakui et al (16) identified that ATRAP expression decreased in the kidney of mice following chronic AngII-infusion, Figure 4 . Protein expression levels of ATRAP and ACE2 in response to Ang-(1-7) treatment. Representative western blot analysis data is shown for the expression levels of (A) ATRAP and (B) ACE2 in response to Ang-(1-7) stimulation (upper panels). Quantification of protein expression levels is also shown relative to the control group at 2 h (lower panels). From left to right, lanes 1-6 were samples from the treatment and control groups collected at 2, 6, 12, 18, 24 and 36 h after treatment. ATRAP, angiotensin II type 1 receptor-associated protein; ACE2, angiotensin I-converting enzyme 2; Ang, angiotensin.
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while its expression level in the liver was not affected. The difference in results between the study by Wakui et al (16) and the current study may be explained by differences in the model used, making comparisons between the two results difficult. Specifically, Wakui et al (16) investigated the effects of continuous AngII-infusion in vivo, whereas in the present study the effects of a one-time AngII treatment on HSC-T6s cells were investigated in vitro. By contrast, the present results are similar to previous studies demonstrating that AngII stimulates ATRAP expression in vascular smooth muscle cells, with no effect on AT1R expression (24) . In addition, AngII stimulation was reported to provoke internalization of AT1R in an investigation using cardiomyocytes (25) . It was hypothesized that the AT1R internalization, which was a known effect of ATRAP on AT1R (11) (12) (13) 19) , may reflect the increased ATRAP expression to a certain extent. Therefore, this finding suggested that AngII induced ATRAP expression, which in turn induced AT1R internalization.
As discussed previously, equilibrium is maintained in the RAS, at least in part by signaling through the ACE-AngII-AT1R and ACE2-Ang-(1-7)-Mas receptor axes. Previously published studies in liver disease (4, 26) demonstrating the ACE2-Ang-(1-7)-Mas receptor axis represent a counter-regulatory arm of locally produced AngII. In the present study, it was hypothesized that low dose AngII may stimulate HSC-T6 cells, giving rise to AT1R signaling and inducing their proliferation, as well as inducing the expression of counter-regulatory factors. The present results revealing significantly increased expression of ACE2 at early stages suggest that the ACE2-Ang-(1-7)-Mas receptor axis was induced and the mechanism of balance was initiated by AngII. Based on the balance mechanism, it is possible that the induction of ATRAP countered signaling through the ACE-AngII-AT1R axis. Whilst in the study of Wakui et al (16) , mentioned previously, activation of AT1R signaling had a dominant effect over counter-regulatory factors such as ATRAP under chronic AngII infusion, resulting in suppression of ATRAP.
Notably, although AngII induced the expression of ATRAP in HSC-T6 cells, AT1R expression was unaltered. This finding is consistent with the existing literature (16, 24) and suggests that increased ATRAP expression affected the internalization, desensitization or phosphorylation of AT1R, however, had no effect on its expression.
There have been multiple investigations into the effect of Ang-(1-7) treatment on the expression of RAS components in tissues or cell lines, however, the majority of these studies were conducted with drugs used to increase Ang-(1-7) levels indirectly, including ACE inhibitors and AT1R blockers (27, 28) . However, these drugs may also interfere with the RAS in other ways, thus the direct actions of Ang-(1-7) may have been obscured. Tan et al (29) avoided this shortcoming and reported on the direct regulatory effects of Ang-(1-7) on the expression of ACE2 and Mas receptors in the rat kidney and heart. To the best of our knowledge, the direct regulatory effect of Ang-(1-7) on ATRAP expression in liver tissue or hepatic cells has not been reported previously. In the present study, it was reported that Ang-(1-7) is able to induce ATRAP expression in HSC-T6 cells, having an effect similar to that of AngII. It is theorized that this upregulation reflects a compensatory mechanism of the ACE-AngII-AT1R signaling pathway, to counteract against the increased signaling through the ACE2-Ang-(1-7)-Mas receptor pathway. Furthermore, this result indicates that the expression of ATRAP is more sensitive to AngII than Ang-(1-7).
In conclusion, the present study establishes the existence of a local regulatory network for the RAS in HSC-T6 cells and is the first, to the best of our knowledge, to confirm that these cells endogenously express ATRAP. The present data indicate that ATRAP acts to maintain balance in the local RAS through its antagonistic effect on AngII expression, as evidenced by the observation that ATRAP is upregulated by AngII and Ang-(1-7) exposure.
